Metabolic responses in endothelial cells following exposure to ketone bodies by E. Meroni et al.
nutrients
Article
Metabolic Responses in Endothelial Cells Following
Exposure to Ketone Bodies
Erika Meroni 1 ID , Nadia Papini 2 ID , Franca Criscuoli 1, Maria C. Casiraghi 1 ID , Luca Massaccesi 3,
Nicoletta Basilico 4 and Daniela Erba 1,* ID
1 Human Nutrition Unit, Department of Food, Environmental and Nutritional Sciences DeFENS,
Università degli Studi di Milano, Via Celoria, 2, 20133 Milan, Italy; erika.meroni@unimi.it (E.M.);
franca.criscuoli@unimi.it (F.C.); maria.casiraghi@unimi.it (M.C.C.)
2 Department of Medical Biotechnology and Translational Medicine, L.I.T.A., Università degli Studi di Milano,
Via F.lli Cervi, 93, 20090 Segrate, Milan, Italy; nadia.papini@unimi.it
3 Department of Biomedical, Surgical and Dental Sciences, Università degli Studi di Milano, Via Saldini, 50,
20133 Milan, Italy; luca.massaccesi@unimi.it
4 Department of Biomedical Sciences, Surgical and Dental Sciences, Università degli Studi di Milano,
Via C. Pascal, 36, 20133 Milan, Italy; nicoletta.basilico@unimi.it
* Correspondence: daniela.erba@unimi.it; Tel.: +39-2-5031-6644
Received: 6 December 2017; Accepted: 14 February 2018; Published: 22 February 2018
Abstract: The ketogenic diet (KD) is a high-fat, low-carbohydrate diet based on the induction of
the synthesis of ketone bodies (KB). Despite its widespread use, the systemic impact of KD is not
completely understood. The purpose of this study was to evaluate the effects of physiological levels
of KB on HMEC-1 endothelial cells. To this aim, DNA oxidative damage and the activation of
Nrf2, a known transcriptional factor involved in cell responses to oxidative stress, were assessed.
The exposure of cells to KB exerted a moderate genotoxic effect, measured by a significant increase in
DNA oxidative damage. However, cells pre-treated with KB for 48 h and subjected to a secondary
oxidative insult (H2O2), significantly decreased DNA damage compared to control oxidized cells.
This protection occurred by the activation of Nrf2 pathway. In KB-treated cells, we found increased
levels of Nrf2 in nuclear extracts and higher gene expression of HO-1, a target gene of Nrf2, compared
to control cells. These results suggest that KB, by inducing moderate oxidative stress, activate the
transcription factor Nrf2, which induces the transcription of target genes involved in the cellular
antioxidant defense system.
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1. Introduction
One of the dietary approaches that has attracted particular success in recent years is the “ketogenic
diet” (KD). This is a dietary program that was designed in the 1920s as a therapy for drug-resistant
epilepsy [1,2], which then gained popularity in the 1970s as a weight-loss diet (Atkins) [3,4]. Currently,
there are many diets that are based on this model. Recently, KD has also been proposed for a number
of neurological disorders like Parkinson’s and Alzheimer’s diseases [5–7].
The KD is a high-fat, low carbohydrates diet planned to achieve a metabolic state called ketosis,
characterized by increased levels of circulating ketone bodies (KB), i.e., the compounds acetoacetate
(AA), β-hydroxybutyrate (βHB) and acetone. Under normal conditions and with a balanced diet, KB
are produced in small quantities, but, under a KD, their synthesis is induced as a result of a very low
carbohydrate intake (VLCKD) and high fat intake. The low glucose supply stimulates the catabolism
of fats to obtain energy, leading to the accumulation of acetyl-CoA and synthesis of KB by the liver,
which are sent to the peripheral tissues where they are oxidized to produce energy [8–10].
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Despite its multiple applications, the impact of KD on the human body is not completely
understood. Several studies have been performed to clarify the mechanisms by which KD achieves
neuroprotection [11–13], whereas less is known about the systemic effects of KB circulating in the
bloodstream. The adverse effects of KD on the cardiovascular system have not been well documented
and are still controversial. For instance, some studies observed, in epileptic patients treated with KD,
an increase of serum levels of cholesterol, triglycerides and LDL, known risk factors for CVD [14,15],
and changes in vascular structure and function are also reported [16]. On the other hand, the
consumption of KD, in non-epileptic subjects, has been mostly associated with an improvement
in some cardiovascular risk factors, even though the effect of long term use of KD and its lipid
composition should be better assessed [17].
Endothelial dysfunction is another key risk factor for CVD, often resulting from cellular oxidative
unbalance [18,19]. Consequently, it appears critical to investigate the KB effects on endothelial
model, taking into consideration that KB exposure has been shown to alter red-ox cellular state.
In hippocampal cells of mice, KB and in particular AA, seem to exert a protective effect, by defending
cells against oxidative stress induced by glutamate [11]. Jarrett and colleagues showed that KD
stimulates the biosynthesis of reduced glutathione (GSH) in rat hippocampal mitochondria, specifically
by increasing mitochondrial GSH levels and improving redox status, thereby resulting in lower
production of ROS [12]. A recent review suggests a further potential mechanism of KD, by means of
the production of redox signalling molecules. Under these conditions, KD induced adaptive cellular
responses in the hippocampus of rats, such as activation of the transcription factor Nrf2 (nuclear factor
erythroid 2-related factor 2) [13].
Nrf2 is normally sequestered in the cytoplasm by binding to the protein Keap1 (kelch ECH
associating protein 1), an adaptor subunit of Cullin 3-based E3 ubiquitin ligase, which constantly
ubiquitinates Nrf2, targeting it for the proteasome where is degraded. When stress occurs, Keap1 is
inactivated and Nrf2 is stabilized; however, Nrf2 does not dissociate from inactivated Keap1, so de
novo synthesized Nrf2 translocates into the nucleus. There, it forms a heterodimer with small Maf
(sMaf) proteins and activates the transcription of target genes by binding to antioxidant response
elements (ARE) [20–26].
Among the enzymes up-regulated by Nrf2, one of the most important is HO-1, which catalyzes
the conversion of heme into biliverdin, carbon monoxide and free iron, and has both anti-inflammatory
and antioxidant properties [27–30]. It has been seen, in an animal model, that HO-1 increases in the
liver of KD-fed rats compared to control rats after three weeks [31]. So, the activation of Nrf2 may be
one of the main mechanisms explaining the positive effects exerted by KB [13,31].
In the present study we focused our attention to assess, by in vitro model, the vascular risk
represented by KD-induced oxidative stress. We hypothesized that treatment with the KB would
induce Nrf2 nuclear localization and antioxidant protein activation, protecting cells against a following
oxidative challenge. To this aim we investigated, by an in vitro model of endothelium, (1) whether the
exposure to KB might directly exert an oxidative damage to DNA; (2) the ability of KB to modulate
DNA susceptibility toward a secondary oxidative insult and (3) the endothelial cell adaptive metabolic
response to KB exposure, by activation of the Nrf2 pathway.
2. Materials and Methods
2.1. Materials
A long-term cell line of human microvascular endothelial cells (HMEC-1) immortalized by
simian-virus-40 large T antigen [32] was provided by the Centers for Disease Control and Prevention,
Atlanta, GA, USA. Due to its immortalization, it is necessary to consider that this cell line might have
acquired some tumor features. However, HMEC-1 has widely been used as a model for studying
endothelial dysfunction [33–35]. It has been reported that this cell line retains the morphologic,
phenotypic and functional characteristics of normal human microvascular endothelial cells [32].
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Moreover, comparing different endothelial cell lines, HMEC-1 is considered the most suitable
model to investigate microvascular endothelium [36]. All cell culture reagents, chemicals and both
β-hydroxybutyric acid (298360) and acetoacetic acid lithium (A8509) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA).
2.2. Cell Culture
HMEC-1 cells were cultivated in MCDB131 medium supplemented with 10% fetal bovine serum,
10 ng/mL epidermal growth factor, 1 µg/mL hydrocortisone, 2 mM glutamine, 100 U/mL penicillin,
100 µg/mL streptomycin and 20 mM HEPES buffer. Cells were passaged every 3–4 days.
For the analysis, cells were seeded at a density of 5 × 104 cells/cm2 in 60 mm Petri dishes and
allowed to reach confluence in 24 h; then, cells were supplemented with KB dispersed in complete
medium, and incubated at 37 ◦C in an atmosphere containing 5% of CO2 (2–48 h time points), according
to the experimental design.
2.3. Treatment with AA and βHB
Stock solutions for AA and βHB were prepared in sterilized water. HMEC-1 cells were
supplemented with different concentrations of KB: from 2 to 20 mM for βHB and from 0.5 to 5 mM
for AA. Previous studies have reported that βHB and AA occur in vivo after the induction of ketosis
in a ratio of 4:1, respectively [8]. To simulate the physiological condition both βHB and AA were
incorporated simultaneously in cell treatments.
2.4. Cell Viability
Cell viability was determined by the MTT reduction assay [37]. HMEC-1 cells were incubated for
24, 48 and 72 h in 24-well plates after the supplementation with KB. Complete medium containing
10% MTT was added to treated and control cells in each well. The cells were incubated at 37 ◦C for
2 h, the supernatants were removed, and 1 mL of a solution of isopropanol/1 N HCl (24/1 v/v) was
added. Absorbance was recorded at a wavelength of 590 nm and a reference wavelength of 630 nm
using a microplate reader (Multiskan Go, Thermo Fisher Scientific, Waltham, MA, USA). Viability was
expressed as the percentage of treated vs. control set at 100%.
2.5. Comet Assay
Based on the results of the viability test, cells were exposed to KB (βHB 4 mM, AA 1 mM) for 2,
24 and 48 h at 37 ◦C with 95% humidity and 5% CO2. Every treatment was performed in triplicate;
negative (cells without KB) and positive (cells treated with H2O2: 50 µM for 5 min) controls were
included in each batch. After incubation, an aliquot of cells was used to verify cell viability via the
trypan blue exclusion test [38], to be sure that cells were suitable for the comet assay. Another aliquot
of cells was centrifuged (11,000× g, for 15 s; SL16R Thermo Fisher Scientific), re-suspended in 1.5%
low melting point agarose, and spread on a microscope slide previously covered with 1% normal
melting point agarose. Embedded cells were lysed, DNA was allowed to unwind in electrophoresis
buffer (pH 10) and then electrophoresis was performed at 25 V and 300 mA for 20 min. The slides were
then immersed in neutralization buffer for 15 min, stained with ethidium bromide and analyzed using
a fluorescence microscope (BX60 Olympus, Tokyo, Japan) equipped with Image-Pro Plus software
(Immagini & Computer, Bareggio; Milano, Italy). Fifty images were analyzed for each slide and the tail
moment was registered. DNA damage was expressed as the percentage of DNA in the tail [39,40].
2.6. RNA Extraction and Gene Expression
Total RNA was isolated with the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s protocol. Then, 0.8 µg of RNA was reverse-transcribed employing the iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA). Real-Time PCR was performed using an
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iCycler thermal cycler (Bio-Rad Laboratories) with cDNA corresponding to 10 ng of total RNA as the
template. The PCR mixture included 0.2 µM primers and 1X SYBR Green PCR Master Mix (Bio-Rad
Laboratories) in a final volume of 20 µL. The primer sequences are provided in Table 1.
Table 1. List of primer used for real-time reverse transcription-polymerase chain reaction (RT-PCR).
Genes Primer Sequences
Nrf2 F: 5′-AGCACATCCAGTCAGAAACC-3′ R: 5′-TGAAACGTAGCCGAAGAAAC-3′
HO-1 F: 5′-CAACATCCAGCTCTTTGAGG-3′ R: 5′-AGAAAGCTGAGTGTAAGGAC-3′
GAPDH F: 5’-AGGGCTGCTTTTAACTCTGG-3′ R: 5′-CATGGGTGGAATCATATTGG-3′
Amplification and real-time data acquisition were performed using the followed cycle conditions:
initial denaturation at 95 ◦C for 3 min, followed by 45 cycles of 10 s at 95 ◦C and 30 s at 58 ◦C. The fold
change in expression of the different genes in treated HMEC-1 cells compared with control cells
was normalized to the expression of GAPDH and was calculated by the equation 2-∆∆Ct using iQ5
software version 2.0 (Bio-Rad Laboratories, Hercules, CA, USA). All reactions were performed in
triplicate, and the accuracy was monitored by analysis of the PCR product melting curve.
2.6.1. Nuclear Compartment Isolation
After treatment, cells were harvested by scraping into PBS and were then centrifuged at 400× g for
10 min at 4 ◦C. Cell pellets were lysed for 10 min at 4 ◦C with a buffer containing 10 mM HEPES pH 8.0,
1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 0.05% Nonidet P-40 (NP-40), 1 mM Na3VO4
and protease inhibitors. Lysates were centrifuged at 2500× g at 4 ◦C for 10 min, the supernatants
(including cytoplasm) were collected in new tubes and the nuclear pellets were resuspended in a
lysis buffer containing 20 mM HEPES pH 8.0, 1.5 mM MgCl2, 420 mM NaCl, 1.0 mM DTT, 0.2 mM
EDTA, 1 mM Na3VO4 and protease inhibitors for 30 min at 4 ◦C. The nuclear extracts were clarified by
centrifugation (10,000× g at 4 ◦C for 5 min) and collected in new tubes.
The concentration of protein in the samples was measured by Bradford’s method [41].
2.6.2. Western Blot Analysis
Proteins were denatured by boiling for 5 min in sodium dodecylsulfate (SDS) sample
buffer, loaded into 10% SDS-PAGE gels and subsequently transferred onto PVDF membranes by
electroblotting. Then, the PVDF membranes were incubated in Tris-buffered Saline with 0.1% (v/v)
Tween 20 (TBS-T) containing 5% (w/v) non-fat dried milk or 5% (w/v) bovine serum albumin
(BSA; Sigma) for 1 h. Blots were incubated with primary antibodies in the appropriate blocking
solution at 4 ◦C overnight. The following primary antibodies were used: Nrf2 (C-20, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) dilution 1:400 in TBS-T+5% (w/v) non-fat dried milk; GAPDH
(FL-335, Santa Cruz Biotechnology, Inc.) dilution 1:500 in TBS-T+5% (w/v) non-fat dried milk; lamin
A/C (N-18, Santa Cruz Biotechnology, Inc.) dilution 1:500 in TBS-T+5% BSA. Membranes were washed
three times for 10 min and then incubated with the appropriate secondary antibody conjugated
with horseradish peroxidase for 1 h. For the immunological detection of proteins, the enhanced
chemiluminescence system (Pierce Biotechnology, Waltham, MA, USA) was used. The acquisition of
PVDF membrane images and the densitometric analysis of blots was performed using an Alliance MINI
HD9 (UVItec) apparatus (Cleaver Scientific, Warwickshire, United Kingdom) and related software.
2.7. Statistical Analysis
Experimental results re expressed as mean ± SD of three (four for western blot) independent
measurements. The data for various parameters were analyzed by one-way analysis of variance
(ANOVA) with SPSS Statistics 22 (IBM). Significant differences (p < 0.001 for comet assay analysis,
p < 0.05 for viability, western blot and PCR analysis) were detected by the Tukey test.
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3. Results
3.1. Cell Viability
To test the toxicity of KB on endothelial cells, HMEC-1 cells were treated with various
concentrations of βHB and AA for different times (24, 48 and 72 h). Concentrations up to 4 mM
βHB and 1 mM AA showed no significant effects on cell viability up to 48 h (Figure 1). Higher
concentrations were harmful at 48 h, and lower concentrations were damaging at 72 h. Considering
this outcome, and assuming that 48 h is an appropriate time to detect a metabolic cellular response to
an external stimulus, all further investigations were performed on HMEC-1 cells exposed to 4 mM
βHB and 1 mM AA.
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Figure 2. Analysis of DNA damage in HMEC-1 cells treated with KB (4 mM βHB, 1 mM AA) for 2, 24
or 48 h (A) and subsequently oxidized with 50 µ H2O2 for 5 min (B); results are expressed as the %
of DNA in the tail (mean ± SD). Data not sharing a common letter are significantly different, p < 0.001.
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Effects of KB Exposure on Secondary Oxidative Insult
DNA damage was evaluated in cells supplemented or not with KB (again for 2, 24 or 48 h),
and subsequently subjected to an oxidative insult, represented by H2O2 50 µmol/L for 5 min.
The results are presented in Figure 2B. Firstly, there was a net increase in oxidative DNA damage in
control cells exposed to H2O2 (C = 2.03 ± 0.21 vs. C + OX = 60.92 ± 2.73, % DNA in the tail, p < 0.001);
cells previously treated with KB and exposed to H2O2 showed DNA damage as well. However, as the
duration of exposure to KB increased, the DNA damage decreased. In fact, there was a significant
decrease, equal to −36% (p < 0.001), in H2O2-induced oxidative DNA damage in the cells treated
with KB for 48 h (KB48 + OX = 39 ± 2.42% DNA in the tail) compared to the oxidized control cells
(C + OX = 60.92 ± 2.73% DNA in the tail). This result suggests a protective effect of KB, which appears
able to activate, within 48 h, a positive response by the cells, which confers them protection against a
secondary oxidative insult (in this case due to H2O2).
3.3. Gene and Protein Expression of Nrf2
Nrf2 is a primary transcription factor involved in the cellular response to oxidative stress. When
stress occurs, the Nrf2-Keap1 complex is disrupted, resulting in the stabilization of Nrf2, which
can translocate to the nucleus where it activates the transcription of target genes by binding to the
ARE [20–24]. HMEC-1 cells were exposed to KB for 2, 6, 14 and 24 h. Regarding the gene expression
of Nrf2, a significant increase was observed at 2 h in KB-treated cells compared to control cells
(C = 0.89 ± 0.02, KB2h = 1.01 ± 0.01, variation about 13% vs. control, p < 0.05). On the contrary, at later
time points, there was a decrease in Nrf2 mRNA levels (KB6h = 0.82 ± 0.08, KB14h = 0.66 ± 0.03,
KB24h 0.58 ± 0.01, p < 0.05) (Figure 3). The western blot analysis showed an increase in the total
amount of Nrf2 at 2 h (by about 30%) in cells treated with KB compared to the control cells. Moreover,
considering only the nuclear extracts, the amount of Nrf2 was greater in KB-treated cells than in the
control. Particularly, as reported in Figure 4C, looking at the level of Nrf2 in the nucleus compared
to the total amount of Nrf2 in the whole cell (both cytoplasmic and nuclear extracts), there was a
significant difference at 2 h in cells treated with KB compared to control cells (KB2h = 50.30 ± 2.2;
Control = 34.95 ± 2.9, % vs. total, p < 0.05).
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Figure 4. Western blot analysis. Nrf2 protein expression in control cells or cells treated with KB for
2, 6, 14 or 24 h in the nuclear (A) and cytoplasmic (B) fractions. Lamin A/C was used as a nuclear
marker. GAPDH was used as a cytoplasmic marker. The western blot image is representative of four
independent experiments (A,B). Densitometric analysis of Nrf2 protein expression was performed
using lamin A/C as the loading control and Nrf2 nuclear translocation are expressed as the % of Nrf2
in the nuclear fraction compared to the total amount of Nrf2 in whole cells. Data are the mean ± SD of
four independent experiments. Data not sharing a common letter are significantly different, p < 0.05 (C).
3.4. Activation of the Nrf2 Pathway: HO-1 Gene Expression
Activation of the Nrf2 pathway was investigated by assessing the gene expression of HO-1.
The data show that HO-1 mRNA levels were significantly higher in cells treated with KB compared to
control cells, at all time points measured (Figure 5). The greatest increases in mRNA levels occurred
after 2 h and 6 h of treatment with KB (C = 0.40 ± 0.05, KB2h = 1.00, KB6h = 0.91± 0.01, p < 0.05),
while at later time points there was a decrease, but the values were still higher than in control cells
(KB14h = 0.53 ± 0.09, KB24h = 0.65 ± 0.03, p < 0.05).
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4. Discussion
The present study was designed to investigate the effects of exposure to KB in HMEC-1 endothelial
cells by measuring markers of oxidative stress and metabolic responses. Primarily, our results
demonstrate that βHB and AA, at concentrations equal to 4 mM and 1 mM, respectively, induced
moderate oxidative stress, detectable by a significant increase in oxidative damage to DNA after 2 h.
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In literature conflicting data are reported concerning the production of ROS by KB and
KD. For instance, in cancer models, some studies [43,44] found ROS reduction owing to KB
metabolism, while other studies reported increased oxidative stress [45], or no change [46]. In primary
cells, according to Veech, the metabolism of KB should reduce the amount of Q semiquinone,
thereby decreasing ROS production in primary cells [47]. However, other investigations showed
conflicting results. Shi et al. investigated the pro-oxidant activities of βHB in primary calf liver cells.
After treatment with various concentrations of βHB for 24 h, they demonstrated that βHB increased
the oxidizing species and decreased antioxidant defenses, causing stress at least within 24 h [48].
Another study, using mitochondria from the hippocampus of rats fed a KD, seem to confirm this thesis,
as an increase in H2O2 was shown at the beginning of the diet, while a decrease was observed after
more extended periods of the diet. Moreover, the levels of 4-HNE were also higher in the KD group
compared to controls. Overall, these data suggest the induction of mild oxidative stress immediately
after the beginning of a KD [31]. Regarding endothelial cells, it has been demonstrated that KB can
generate oxygen radical and overall contribute to increased oxidative stress. In particular, it was shown
that elevated levels of KB can result in lipid peroxidation, which is apparently increased by oxygen
radicals generated by AA [49]. Accordingly, the study of Kanikarla-Marie et al., confirmed these
results demonstrating, in HUVEC cells, that ketones cause increased oxidative stress by up-regulating
NADPH oxidase 4 [50]. Thus, recent data are in agreement with the results highlighted by our analysis,
which underlines the induction of moderate oxidative stress at the cellular level due to the presence of
KB. However, this stress was not related to the duration of exposure. We did not find any significant
differences in DNA damage among the three time points of exposure (2, 24 and 48 h). It might be
hypothesized that, during 48 h of treatment, the oxidative stress generated at 2 h induced some cellular
metabolic responses. The activation of antioxidant enzymes could be one of the protective mechanisms
promoted by the cell as a consequence of KB-induced stress.
In order to investigate our hypothesis regarding the cellular response to KB, we decided to expose
HMEC-1 cells to KB and later to a secondary oxidative insult, in our study represented by H2O2.
Among the stimuli used to produce quantifiable oxidative damage to DNA and modulated by the
presence of antioxidants, hydrogen peroxide has proved to be the most effective and reproducible [51,52];
therefore, it was used in this study. Surprisingly, oxidized cells previously treated with KB for 48 h
showed significantly less DNA damage compared to control oxidized cells. This interesting result
suggests that KB, by causing moderate oxidative stress detectable based on oxidative DNA damage,
at a subsequent time point, are able to activate a cellular response that results in protection against a
secondary insult. The beneficial effects of KB have been investigated before to understand their role in
some pathologies, above all in epilepsy, but also in other neurological diseases and cancer. In particular,
Noh et al. discovered that AA protects neuronal cells from oxidative glutamate toxicity. Their study
was showed a significant decrease in glutamate-induced ROS production in cells treated with AA
compared with cells treated with glutamate alone [11]. To test the possible protective role of βHB
against oxidative stress, Shimatzu et al., implanted mice with subcutaneous pump delivering βHB or
PBS for 24 h. Then mice received an intravenous injection of paraquat, which produces superoxide
anions. The authors found that paraquat treatment of control mice receiving PBS led to an increase in
carbonylated proteins, while this increase was significantly prevented in βHB-treated mice. Similarly,
the increase of 4-HNE was suppressed in mice treated with βHB [53]. Another interesting paper
published by Jarrett and colleagues reported that KD increases mitochondria GSH levels, resulting in
decreased mitochondrial ROS production and the protection of mitochondrial DNA in rats fed a KD
for three weeks [12]. Consistently with these published studies, our data suggest the capacity of KB to
promote cellular responses that result in the prevention of oxidative damage induced by a secondary
stressor, possibly by activating the antioxidant defense system.
One possible mechanism by which this protection might occur is through activation of the Nrf2
pathway [13,54]. As a transcription factor, Nrf2 regulates many adaptive cytoprotective responses
to counteract the deleterious effect of ROS. Several studies have indicated that increased nuclear
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translocation of this protein protects against oxidative stress injury [55,56]. Therefore, we first evaluated
Nrf2 gene expression, then its translocation into the nucleus. We decided to expose HMEC-1 cells to
KB for 2, 6, 14 or 24 h, because we hypothesized that the activation of a cellular response would happen
quickly, as we saw protection at 48 h. According to the gene expression data, it seems that there was
very rapid stabilization of Nrf2, which implies the fast de novo synthesis of Nrf2, as we saw higher
mRNA Nrf2 levels at 2 h. Even though we did not observe higher levels of Nrf2 mRNA expression
from 6 to 24 h, this does not mean that Nrf2 was not active. Actually, it has been previously reported
that some agents can increase the nuclear translocation of Nrf2, but not alter its gene expression
level [55,57,58]. Moreover, these findings on the gene expression of Nrf2 are consistent with the
results obtained from the western blot analysis, which showed an increase in the total amount of Nrf2
in KB-treated cells compared to control as well as nuclear accumulation already at 2 h. This trend
regarding Nrf2 nuclear accumulation implies that the link between Nrf2 and Keap1 has changed,
leading to stabilization of the transcription factor, which was not degraded by the proteasome, thereby
promoting its translocation into the nucleus. It could be possible that KB initially causes the production
of low levels of ROS, which may serve as a redox signaling stimulus and activate the transcription
factor Nrf2. In 2010, Milder et al. proposed for the first time that the consumption of KD activates the
Nrf2 pathway. Indeed, they observed Nrf2 accumulation in nuclear fractions from the hippocampus
and liver of rats fed a KD for up to three weeks, suggesting chronic Nrf2 activation and nuclear
translocation [13]. Most recently, another research group investigated the impact of KD on tumor
growth in an animal model, and reported that one of the protective mechanisms against cancer was
the stimulation of several factors, including Nrf2 [54]. Although the dietary intervention with KD was
different in the two studies, both of them clearly showed higher Nrf2 nuclear levels.
To further confirm the involvement of the Nrf2 pathway, we analyzed the gene expression of
HO-1, one of its target genes. Among the antioxidant proteins highly regulated by Nrf2, HO-1 was
chosen because the redox-dependent Keap1/Nrf2 system plays a central role in HO-1 induction in
response to oxidative stress [29,55]. The results show an increase in HO-1 gene expression at all time
points, notably after 2 and 6 h of KB treatment, confirming activation of the Nrf2/HO-1 pathway,
in accordance with published studies [55,59,60]. A number of studies have shown that activation of
the Nrf2/HO-1 pathway protects different kinds of cells [55–58] and, additionally, this pathway has
been considered in papers specifically related to the effects of KD [13,54]. In particular, Milder et al.
proposed a new mechanism of action of KD that involves Nrf2 activation. They suggested that the Nrf2
pathway is systemically activated by KD via redox signalling, leading to chronic cellular adaptation
and the induction of protective proteins. Indeed, in their study, both Nrf2 and HO-1 protein expression
were higher after the consumption of a KD [13]. Furthermore, a more recent study that investigated the
long-term effects of a KD in order to understand its effect on tumor growth confirmed the hypothesis
described above. In fact, the authors observed an increase in Nrf2 levels in rats treated with a KD
compared to control [54]. Both these studies are in accordance with the results obtained in the current
study and overall demonstrate rapid activation of the Nrf2 pathway after KB-induced stress.
Further studies, planned in order to evaluate the effects of AA and βHB individually
supplemented, should clarify their specific influence on DNA oxidative damage and Nrf2 activation.
Moreover, it will be interesting to assess the expression of multiple Nrf2 target genes, in addition to
HO-1, to further confirm KB activation of Nrf2 pathway.
5. Conclusions
Our results demonstrate the activation of a metabolic response in the cell due to effect of KB
exposure. KB induce moderate oxidative stress, which activates the transcription factor Nrf2. Indeed,
Nrf2 is stabilized and translocates into the nucleus. Here, Nrf2 binds to the ARE and activates the
transcription of target genes, including HO-1. Consequently, the metabolic response caused by KB
exposure makes cells more resistant to a secondary insult, in this case H2O2, leading to a reduction in
DNA oxidative damage (Figure 6).
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The novelty of our paper is that the effects of KB were investigated in endothelial cells, somewhat
distant from the neurological context. It is important to underline that KB, and more generally a KD,
could have an impact on cell metabolism in different tissue functions. The beneficial effects of a KD
applied as a therapy have been clearly demonstrated [1,2,5,7], but the use of this diet as a weight
loss method is still controversial. The mechanism hypothesized here is that KB could activate the
transcription factor Nrf2, which enhances the cellular capacity to detoxify and eliminate harmful
substances by the activation of cellular defense processes [20–22]. Actually, it is worth noting that the
up-regulation of Nrf2 does not always lead to protection; for example, it may promote carcinogenesis
in certain tissues. This could happen due to the other activities of Nrf2, such as suppression of
apoptosis, improvement of mitochondrial function and redirection of glucose metabolism t ward
NADPH generation and anabolic pathways, which overall lead to cell proliferation [23,54,61,62].
Finally, it should be considered that the activation of Nrf2 is the result of impaired oxidative cell status,
and could be harmful in the long term. A careful assessment of the risk-benefit ratio should be done
every time that a KD is applied, for therapeutic purposes or not.
Acknowledgments: This rese rch did no receive any specific gran from funding ag ncies in the pub ic,
commercial, or not-for-profit sectors.
Author Contributions: D.E., N.P. and M.C.C. conceived and designed the experiments; E.M., F.C. and N.P.
performed the experiments; E.M., N.P. and D.E. analyzed the data; N.B. and L.M. contributed reagents/materials/
analysis tools; D.E. and E.M. wrote the paper. All authors have read and approved the final version of
this manuscript.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Freeman, J.M.; Vining, E.P.G.; Pillas, D.J.; Pyzik, P.L.; Casey, J.C.; Kelly, M.T. The efficacy of the ketogenic
diet—1998: A prospectiv valuation of in ervention in 150 children. Ped atrics 1998, 102, 1358–1363.
[CrossRef] [PubMed]
2. Hartman, A.L.; Vi ing, E.P.G. Clinical aspects of the ketogenic diet. Epilepsia 2007, 48, 31–42. [CrossRef]
[PubMed]
3. Astrup, A.; Larsen, T.M.; Harper, A. Atkins and other low-carbohydrate diets: Hoax or an effective tool for
weight loss? Lancet 2004, 364, 897–899. [CrossRef]
4. Caminhotto, R.O.; Fonseca, F.L.; Castro, N.C.; Arantes, J.P.; Sertié, R.A. Atkins diet program rapidly decreases
atherogenic index of plasma in trained adapted overweight men. Arc. Endocrinol. Metab. 2015, 59, 568–571.
[CrossRef] [PubMed]
Nutrients 2018, 10, 250 11 of 13
5. Tieu, K.; Perier, C.; Caspersen, C.; Teismann, P.; Wu, D.C.; Yan, S.D.; Naini, A.; Vila, M.; Jackson-Lewis, V.;
Ramasamy, R.; Przedborski, S. D-beta-hydroxybutyrate rescues mitochondrial respiration and mitigates
features of Parkinson disease. J. Clin. Invest. 2003, 112, 892–901. [CrossRef] [PubMed]
6. Vanitallie, T.B.; Nonas, C.; Di Rocco, A.; Boyar, K.; Hyams, K.; Heymsfield, S.B. Treatment of Parkinson
disease with diet-induced hyperketonemia: A feasibility study. Neurology 2005, 64, 728–730. [CrossRef]
[PubMed]
7. Kashiwaya, Y.; Bergman, C.; Lee, J.H.; Wan, R.; King, M.T.; Mughal, R.M.; Okun, E.; Clarke, K.; Mattson, M.P.;
Veech, R.L. A ketone ester diet exhibits anxiolytic and cognition-sparing properties, and lessens amyloid and
tau pathologies in a mouse model of Alzheimer’s disease. Neurobiol. Aging 2013, 34, 1530–1539. [CrossRef]
[PubMed]
8. Fukao, T.; Lopaschuk, G.D.; Mitchell, G.A. Pathways and control of ketone body metabolism: On the fringe
of lipid biochemistry. Prostag. Leukotr. Ess. 2004, 70, 243–251. [CrossRef] [PubMed]
9. Laffel, L. Ketone bodies: A review of physiology, pathophysiology and application of monitoring to diabetes.
Diabetes Metab. Res. Rev. 1999, 15, 412–426. [CrossRef]
10. Nehlig, A. Brain uptake and metabolism of ketone bodies in animal models. Prostag. Leukotr. Ess. 2004, 70,
265–275. [CrossRef] [PubMed]
11. Noh, H.S.; Hah, Y.S.; Nilufar, R.; Han, J.; Bong, J.; Kang, S.S.; Cho, G.J.; Choi, W.S. Acetoacetate protects
neuronal cells from oxidative glutamate toxicity. J. Neurosci. Res. 2006, 83, 702–709. [CrossRef] [PubMed]
12. Jarrett, S.G.; Milder, J.B.; Liang, L.P.; Patel, M. The ketogenic diet increases mitochondrial glutathione levels.
J. Neurochem. 2008, 106, 1044–1051. [CrossRef] [PubMed]
13. Milder, J.B.; Patel, M. Modulation of oxidative stress and mitochondrial function by the ketogenic diet.
Epilepsy Res. 2012, 100, 295–303. [CrossRef] [PubMed]
14. Kang, H.C.; Chung, D.E.; Kim, D.W. Early- and late-onset complications of the ketogenic diet for intractable
epilepsy. Epilepsia 2004, 45, 1116–1123. [CrossRef] [PubMed]
15. Coppola, G.; Natale, F.; Torino, A.; Capasso, R.; D’Aniello, A.; Pironti, E.; Santoro, E.; Calabrò, R.; Verrotti, A.
The impact of the ketogenic diet on arterial morphology and endothelial function in children and young
adults with epilepsy: A case-control study. Seizure 2014, 23, 260–265. [CrossRef] [PubMed]
16. Kapetanakis, M.; Liuba, P.; Odermarsky, M.; Lundgren, J.; Hallbook, T. Effects of ketogenic diet on vascular
function. Eur. J. Peditri. Neurol. 2014, 18, 489–494. [CrossRef] [PubMed]
17. Kosinski, C.; Jornayvaz, F.R. Effects of ketogenic diets on cardiovascular risk factors: Evidence from animal
and human studies. Nutrients 2017, 9, 517. [CrossRef] [PubMed]
18. Drexler, H. Endothelial dysfunction: Clinical implications. Prog. Cardiovasc. Dis. 1997, 39, 287–324. [CrossRef]
19. Anderson, T.J.; Uehata, A.; Gerhard, M.D.; Meredith, I.T.; Knab, S.; Delagrange, D.; Lieberman, E.H.; Ganz, P.;
Creager, M.A.; Yeung, A.C.; et al. Close relation of endothelial function in the human coronary and peripheral
circulations. J. Am. Coll. Cardiol. 1995, 26, 1235–1241. [CrossRef]
20. Lee, J.M.; Johnson, J.A. An important role of Nrf2-ARE pathway in the cellular defense mechanism. J. Biochem.
Mol. Biol. 2004, 37, 139–143. [CrossRef] [PubMed]
21. Uruno, A.; Motohashi, H. The Keap1-Nrf2 system as an in vivo sensor for electrophiles. Nitric Oxide 2011,
25, 153–160. [CrossRef] [PubMed]
22. Bryan, H.K.; Olayanju, A.; Goldring, C.E.; Park, B.K. The Nrf2 cell defence pathway: Keap1-dependent and
-independent mechanisms of regulation. Biochem. Pharmacol. 2013, 85, 705–717. [CrossRef] [PubMed]
23. Suzuki, T.; Yamamoto, M. Molecular basis of the Keap1-Nrf2 system. Free Radic. Biol. Med. 2015, 88, 93–100.
[CrossRef] [PubMed]
24. Kensler, T.W.; Wakabayashi, N.; Biswal, S. Cell survival responses to environmental stresses via the
Keap1-Nrf2-ARE pathway. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 89–116. [CrossRef] [PubMed]
25. Kim, J.; Keum, Y.S. NRF2, a key regulator of antioxidants with two faces towards cancer. Oxid. Med.
Cell. Longev. 2016, 2016, 2746457. [CrossRef] [PubMed]
26. Kobayashi, M.; Yamamoto, M. Molecular mechanisms activating the Nrf2-Keap1pathway of antioxidant
gene regulation. Antioxid. Redox Signal. 2005, 7, 385–394. [CrossRef] [PubMed]
27. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1system in development,
oxidative stress response and diseases: An evolutionarily conserved mechanism. Cell Mol. Life Sci. 2016, 73,
3221–3247. [CrossRef] [PubMed]
Nutrients 2018, 10, 250 12 of 13
28. Kim, J.; Cha, Y.N.; Surh, Y.J. A protective role of nuclear factor-erythroid 2-related factor-2 (Nrf2) in
inflammatory disorders. Mutat. Res. 2010, 690, 12–23. [CrossRef] [PubMed]
29. Paine, A.; Eiz-Vesper, B.; Blasczyk, R.; Immenschuh, S. Signaling to heme oxygenase-1 and its anti-inflammatory
therapeutic potential. Biochem. Pharmacol. 2010, 80, 1895–1903. [CrossRef] [PubMed]
30. Immenschuh, S.; Ramadori, G. Gene regulation of heme oxygenase-1 as a therapeutic target. Biochem.
Pharmacol. 2000, 60, 1121–1128. [CrossRef]
31. Milder, J.B.; Liang, L.P.; Patel, M. Acute oxidative stress and systemic Nrf2 activation by the ketogenic diet.
Neurobiol. Dis. 2010, 40, 238–244. [CrossRef] [PubMed]
32. Ades, E.W.; Candal, F.J.; Swerlick, R.A.; George, V.G.; Summers, S.; Bosse, D.C.; Lawley, T.J. HMEC-1:
Establishment of an immortalized human microvascular endothelial cell line. J. Invest. Dermatol. 1992, 99,
683–690. [CrossRef] [PubMed]
33. Basilico, N.; Corbett, Y.; D’Alessandro, S.; Parapini, S.; Prato, M.; Girelli, D.; Misiano, P.; Olliaro, P.;
Taramelli, D. Malaria pigment stimulates chemokine production by human microvascular endothelium.
Acta Trop. 2017, 172, 125–131. [CrossRef] [PubMed]
34. Hsu, Y.J.; Hsu, S.C.; Huang, S.M.; Lee, H.S.; Lin, S.H.; Tsai, C.S.; Shih, C.C.; Lin, C.Y. Hyperphosphatemia
induces protective autophagy in endothelial cells through the inhibition of Akt/mTOR signaling. J. Vasc. Surg.
2015, 62, 210–221. [CrossRef] [PubMed]
35. Ockaili, R.; Natarajan, R.; Salloum, F.; Fisher, B.J.; Jones, D.; Fowler, A.A.; Kukreja, R.C. HIF-1 activation
attenuates postischemic myocardial injury: Role for hemecoxygenase-1 in modulating microvascular
chemokine generation. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H542–H548. [CrossRef] [PubMed]
36. Bouïs, D.; Hospers, G.A.; Meijer, C.; Molema, G.; Mulder, N.H.D. Endothelium in vitro: A review of human
vascular endothelial cell lines for blood vessel-related research. Angiogenesis 2001, 4, 91–102. [CrossRef]
[PubMed]
37. Fotakis, G.; Timbrell, J.A. In vitro cytotoxicity assays: Comparison of LDH, neutral red, MTT and protein
assay in hepatoma cell lines following exposure to cadmium chloride. Toxicol. Lett. 2006, 160, 171–177.
[CrossRef] [PubMed]
38. Strober, W. Trypan blue exclusion test of cell viability. Curr. Protoc. Immunol. 2001. [CrossRef]
39. Tice, R.R.; Agurell, E.; Anderson, D.; Burlinson, B.; Hartmann, A.; Kobayashi, H.; Miyamae, Y.; Rojas, E.;
Ryu, J.C.; Sasaki, Y.F. Single cell gel/comet assay: Guidelines for in vitro and in vivo genetic toxicology
testing. Environ. Mol. Mutag. 2000, 35, 206–221. [CrossRef]
40. Erba, D.; Soldi, S.; Malavolti, M.; Aragone, G.; Alexandra, M.; Vinoy, S.; Casiraghi, M.C. Fecal water
genotoxicity in healthy free-living young Italian people. Food Chem. Toxicol. 2014, 64, 104–109. [CrossRef]
41. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 7, 248–254. [CrossRef]
42. Klinder, A.; Karlsson, P.C.; Clune, Y.; Hughes, R.; Glei, M.; Rafter, J.J.; Rowland, I.; Collins, J.K.;
Pool-Zobel, B.L. Fecal water as a non-invasive biomarker in nutritional intervention: Comparison of
preparation methods and refinement of different endpoints. Nutr. Cancer 2007, 57, 158–167. [CrossRef]
[PubMed]
43. Stafford, P.; Abdelwahab, M.; Kim, D.Y.; Preul, M.; Rho, J.; Scheck, A. The ketogenic diet reverses gene
expression patterns and reduces reactive oxygen species levels when used as an adjuvant therapy for glioma.
Nutr. Metab. (Lond.) 2010, 7, 74. [CrossRef] [PubMed]
44. Shukla, S.K.; Gebregiworgis, T.; Purohit, V.; Chaika, N.V.; Gunda, V.; Radhakrishnan, P.; Mehla, K.;
Pipinos, I.I.; Powers, R.; Yu, F.; et al. Metabolic reprogramming induced by ketone bodies diminishes
pancreatic cancer cachexia. Cancer Metab. 2014, 2, 18. [CrossRef] [PubMed]
45. Allen, B.G.; Bhatia, S.K.; Buatti, J.M.; Brandt, K.E.; Lindholm, K.E.; Button, A.M.; Szweda, L.I.; Smith, B.J.;
Spitz, D.R.; Fath, M.A. Ketogenic diets enhance oxidative stress and radio-chemo-therapy responses in lung
cancer xenografts. Clin. Cancer Res. 2013, 19, 3905–3913. [CrossRef] [PubMed]
46. Poff, A.M.; Ward, N.; Seyfried, T.N.; Arnold, P.; D’Agostino, D.P. Non-toxic metabolic management of
metastatic cancer in VM mice: Novel combination of ketogenic diet, ketone supplementation, and hyperbaric
oxygen therapy. PLoS ONE 2015, 10, e0127407. [CrossRef] [PubMed]
47. Veech, R.L. Ketone bodies, potential therapeuthic uses. IUBMB Life 2001, 51, 241–247. [CrossRef] [PubMed]
Nutrients 2018, 10, 250 13 of 13
48. Shi, X.; Li, X.; Li, D.; Li, Y.; Song, Y.; Deng, Q.; Wang, J.; Zhang, Y.; Ding, H.; Yin, L.; et al. β-Hydroxybutyrate
activates the NF-κB signaling pathway to promote the expression of pro-inflammatory factors in calf
hepatocytes. Cell Physiol. Biochem. 2014, 33, 920–932. [CrossRef] [PubMed]
49. Jain, S.K.; Kannan, K.; Lim, G. Ketosis (acetoacetate) can generate oxygen radicals and cause increased lipid
peroxidation and growth inhibition in human endothelial cells. Free Radic. Biol. Med. 1998, 25, 1083–1088.
[CrossRef]
50. Kanikarla-Marie, P.; Jain, S.K. Hyperketonemia and ketosis increase the risk of complications in type 1
diabetes. Cell Physiol. Biochem. 2015, 35, 364–373. [CrossRef] [PubMed]
51. Erba, D.; Riso, P.; Criscuoli, F.; Testolin, G. Malondialdehyde production in Jurkat T cells subjected to
oxidative stress. Nutrition 2003, 19, 545–548. [CrossRef]
52. Winzer, K.; Winston, G.W.; Becker, W.; Van Noorden, C.J.; Koehler, A. Sex-related responses to oxidative
stress in primary cultured hepatocytes of European flounder (Platichthys flesus L.). Aquat. Toxicol. 2001, 25,
143–155. [CrossRef]
53. Shimazu, T.; Hirschey, M.D.; Newman, J.; He, W.; Shirakawa, K.; Le Moan, N.; Grueter, C.A.; Lim, H.;
Saunders, L.R.; Stevens, R.D.; et al. Suppression of oxidative stress by β-hydroxybutyrate, an endogenous
histone deacetylase inhibitor. Science 2013, 339, 211–214. [CrossRef] [PubMed]
54. Lis´kiewicz, A.D.; Kasprowska, D.; Wojakowska, A.; Polan´ski, K.; Lewin-Kowalik, J.; Kotulska, K.;
Je˛drzejowska-Szypułka, H. Long-term high fat ketogenic diet promotes renal tumor growth in a rat model of
tuberous sclerosis. Sci. Rep. 2016, 19, 21807. [CrossRef] [PubMed]
55. Liao, G.; Li, R.; Chen, X.; Zhang, W.; Du, S.; Yuan, Y. Sodium valproate prevents radiation-induced injury in
hippocampal neurons via activation of the Nrf2/HO-1 pathway. Neuroscience 2016, 231, 40–51. [CrossRef]
[PubMed]
56. Gu, D.M.; Lu, P.H.; Zhang, K.; Wang, X.; Sun, M.; Chen, G.Q.; Wang, Q. EGFR mediates astragaloside
IV-induced Nrf2 activation to protect cortical neurons against in vitro ischemia/reperfusion damages.
Biochem. Biophys. Res. Commun. 2015, 457, 391–397. [CrossRef] [PubMed]
57. Nguyen, T.; Sherratt, P.J.; Huang, H.C.; Yang, C.S.; Pickett, C.B. Increased protein stability as a mechanism
that enhances Nrf2-mediated transcriptional activation of the antioxidant response element. Degradation of
Nrf2 by the 26 S proteasome. J. Biol. Chem. 2003, 278, 4536–4541. [CrossRef] [PubMed]
58. Ishii, T.; Itoh, K.; Takahashi, S.; Sato, H.; Yanagawa, T.; Katoh, Y.; Bannai, S.; Yamamoto, M. Transcription
factor Nrf2 coordinately regulates a group of oxidative stress-inducible genes in macrophages. J. Biol. Chem.
2000, 275-21, 16023–16029. [CrossRef]
59. Chen, J.S.; Huang, P.H.; Wang, C.H.; Lin, F.Y.; Tsai, H.Y.; Wu, T.C.; Lin, S.J.; Chen, J.W. Nrf-2 mediated heme
oxygenase-1 expression, an antioxidant-independent mechanism, contributes to anti-atherogenesis and
vascular protective effects of Ginkgo biloba extract. Atherosclerosis 2011, 214, 301–309. [CrossRef] [PubMed]
60. Yao, P.; Nussler, A.; Liu, L.; Hao, L.; Song, F.; Schirmeier, A.; Nussler, N. Quercetin protects human
hepatocytes from ethanol-derived oxidative stress by inducing heme oxygenase-1 via the MAPK/Nrf2
pathways. J. Hepatol. 2007, 47, 253–261. [CrossRef] [PubMed]
61. Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.; Hayes, J.D.
Mechanisms of activation of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status
and the pathways through which it attenuates degenerative disease. Free Radic. Biol. Med. 2015, 88, 108–146.
[CrossRef] [PubMed]
62. Holmström, K.M.; Baird, L.; Zhang, Y.; Hargreaves, I.; Chalasani, A.; Land, J.M.; Stanyer, L.; Yamamoto, M.;
Dinkova-Kostova, A.T.; Abramov, A.Y. Nrf2 impacts cellular bioenergetics by controlling substrate
availability for mitochondrial respiration. Biol. Open 2013, 2, 761–770. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
